Conducting polymers (CPs) are an intriguing class of conjugated polymers due to their inherent conductivity and the ability to induce dramatic changes in physical, mechanical and electrical properties by electrical signals[@b1]. Single walled carbon nanotubes (SWNTs) are also attractive as a result of their superior mechanical, electrical and electrochemical properties[@b2][@b3]. Many efforts have been made to combine CPs and SWNTs to integrate them into advanced multifunctional composites[@b4][@b5][@b6][@b7][@b8]. This kind of composite offers an attractive route to reinforce CPs while enhancing electrochemical performance based on morphological modification or electronic interaction between CPs and SWNTs[@b5]. It has been shown that composites based on CPs and SWNTs exhibit properties of each of the individual components with synergistic effect due to a facile charge transfer between the two constituents[@b5]. This charge transfer, which is in contrast with composites contained non-conducting matrix (i.e. PVA), prevents the enhanced contact resistance between adjacent tubes[@b9]. In the case of a non-conducting matrix, the efficiency of charge transfer within the adjacent SWNTs is strictly limited due to the insulator-coating of SWNTs[@b9][@b10]. Composite production using CPs eliminates this resistive barrier and maximizes the electron transport among SWNTs to improve the conductivity and electrochemical performance[@b11]. The addition of SWNTs to CPs is also valuable because of the limited conductivity of CPs in their reduced state; the state in which SWNTs can function as the conducting platform for charge delivery[@b12].

Since composite production method determines the cost and performance of a final device, it is important to utilize a facile and scalable method to combine all of the necessary requirements for a practical multifunctional composite. To this end, fibers produced from CP-SWNTs not only can provide conductive and strong 3D framework for designing multifunctional architectures, but also are fully scalable for large-scale applications such as flexible and lightweight supercapacitors which can be further used in smart garments and electronic gadgets[@b11][@b12][@b13][@b14].

One of the most successful methods used to fabricate CP based fibers is wet-spinning[@b12][@b15][@b16][@b17]. Using this method, the ability to exploit complementary properties of a CP along with the superlative mechanical, electrical and electrochemical properties of SWNTs is also possible. Wet-spinning involves dispersing of SWNTs, with the aid of surfactant, then mixing with the CP dispersion at the required SWNTs loading followed by spinning of the dispersion into fibers[@b11]. However, this simple recipe presents several challenges: i) the presence of the surfactant or other dispersing agents can adversely affect mechanical properties of the composite. ii) The SWNT bundle size in the surfactant assisted dispersion is very concentration dependent[@b11][@b18]. iii) Quality high loading of SWNTs is still a strenuous task due to the formation of larger SWNTs bundles or aggregation at higher SWNTs loading[@b11][@b19]. iv) The electrical conductivity of the composites also suffers from either aggregation or discontinuous electrical connection due to the presence of the surfactant which is insulating and can have detrimental effects on the electrical contact between adjacent SWNTs[@b9]. These challenges can be overcome if a method to disperse SWNTs in a highly exfoliated state while maintaining this quality in the final CP-SWNTs formulation is developed and appropriate processing is utilized. Therefore, close-to-ideal composite fiber contains well-exfoliated SWNTs (without using dispersing agent) so that each tube is individually coated with a thin layer of CP. If this type of composite fiber is realized, not only mechanical properties of the CP are maximized, but also, SWNTs can provide a conduit to enhance charge delivery through the conducting fiber[@b11].

Covalently functionalized SWNTs, such as polyethylene glycol functionalized SWNTs (PEG-SWNTs), provide high quality dispersion at high concentration (3.5 mg ml^−1^)[@b20] while omitting the need for the addition of any dispersing agents[@b21]. These advantages can be essentially used to provide homogenous composites with improved interfacial stress transfer between the SWNTs and polymer matrix thus maximizing the reinforcement of the composite[@b22][@b23].

Among CPs, poly (3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS) is one of the most commercially successful CPs which offers exciting opportunities for a wide range of applications such as supercapacitors, batteries, sensors, solar cells, transparent thin films, antistatic coating, composites and bionic devices[@b24][@b25][@b26][@b27][@b28]. This growing attention is due to the following characteristics: i) commercial availability with low price (\~6 EUR/g for Orgacon™ Pellets), ii) processability in aqueous media, iii) response to electrical stimulation (conductivity, volume and colour changes), iv) the ability to be functionalized with biomolecules or nanomaterials, v) high ionic and electronic conductivity, vi) high environmental and thermal stability and vii) processability via commercially scalable methods such as wet-spinning and printing[@b15][@b16][@b17][@b26][@b27][@b28][@b29][@b30][@b31][@b32].

With the aim to enhance mechanical properties, electrical conductivity and electrochemical performance of PEDOT:PSS fibers simultaneously, we hereby have investigated the effects of the addition of PEG-SWNTs and its loading on the resultant PEDOT:PSS/PEG-SWNTs fibers. We demonstrate that using PEG-SWNTs is the key to systematically control pre-formulated spinning solution to achieve higher loading while enhancing the properties to obtain multifunctional fibers. The method of addition of PEG-SWNTs to PEDOT:PSS and the loading are directly correlated to the quality and ease of spinnability of the formulation and to the mechanical and electrical properties of the resultant composite fibers. We also show the electrochemical performance of some selected fibers, which further demonstrates the unique advantages of employing PEG-SWNTs in PEDOT:PSS based fibers.

Results
=======

The spinning solution prepared by dissolving a required amount of PEDOT:PSS pellets to the PEG-SWNTs stock dispersion ([Table S1](#s1){ref-type="supplementary-material"}). Wet-spinning of fibers containing PEDOT:PSS/PEG-SWNTs dispersions was performed using a non-solvent coagulation strategy to form fibers. Using PEG-SWNTs that are readily dispersible in water afforded good miscibility with PEDOT:PSS at all PEG-SWNTs loading. This compatibility also resulted in easy and continues wet-spinning of uniform composite fibers, regardless of the PEG-SWNTs loading. SEM images of the cross-sections of PEDOT:PSS/PEG-SWNTs fibers at various nanotube loadings, which fractured under tensile strain, are illustrated at [Figure 1](#f1){ref-type="fig"}. The PEDOT:PSS/PEG-SWNTs fibers obtained were void-free with circular cross-section and diameter of 10 to12 μm irrespective of the PEG-SWNTs loading. Close inspection of the cross-section revealed only individual/small PEG-SWNTs bundles present in the fibers even at the highest PEG-SWNTs loading (0.12 V~f~).

The cross-section of the pure PEDOT:PSS fiber differed from the composite fibers. Although the shape of the stress-strain curves were similar for all of the fibres, ([Figure 2](#f2){ref-type="fig"}), the observed fibrillar morphologies of the fractured ends of PEDOT:PSS fibers suggest different failure mechanisms. For pure PEDOT:PSS fibers, the fibrillar morphologies characterized by the protruding short nodules are clear evidence of a plastic deformation of PEDOT:PSS during fracture. In contrast, some broken SWNTs that are observed in the composite fibers confirmed the contribution of PEG-SWNTs during load bearing. However, some micron-lengths of PEG-SWNTs which protruded from the broken ends, especially at higher loadings, revealed that some of the fractures occurred at the PEDOT:PSS/PEG-SWNTs interface. Nanotube pull-out, at higher loading, suggests nanotube slippage at the SWNT-SWNT interface at the PEG-SWNTs bundles (aggregate) and non-ideal interfacial stress transfer due to the lack of a thick polymer coating on the PEG-SWNTs[@b19].

Significant reinforcing effect of PEG-SWNTs are illustrated in the stress-strain curves of the PEDOT:PSS/PEG-SWNTs composite fibers at various PEG-SWNTs loading ([Figure 2](#f2){ref-type="fig"}). Both strength and modulus increased as the volume fraction of PEG-SWNTs increased. We have measured Young\'s modulus, Y, ultimate tensile strength, σ, strain at break, ε, and toughness, T, as a function of nanotube volume fraction from stress strain curves as shown in [Figure 3](#f3){ref-type="fig"}. The highest enhancement in the modulus of fibers (seven-fold enhancement) achieved at the highest nanotube loading (22.8 GPa at 0.12 V~f~). However, at low PEG-SWNTs loadings (≤0.02 V~f~) the reinforcement was more striking and all of the moduli were above the theoretically calculated modulus of composite fiber with randomly orientated filler. The rule of mixtures predicts the composite modulus by[@b33]: Where is the length efficiency factor (related to the aspect ratio), is the orientation efficiency factor which is 0.2 and 1 for randomly oriented and perfectly oriented, respectively. Y~SWNT~ and Y~m~ are the SWNT and polymer modulus, respectively. In this model, a linear increase of modulus with V~f~ is predicted. The approximation used in [Equation 1](#m1){ref-type="disp-formula"} is valid when the contribution of the filler to the fiber modulus is much larger than the polymer-only modulus, which is the case for our fibers. The slope of the linear region (*dY/dV~f~*) has been measured based on the data presented on [Figure 3A](#f3){ref-type="fig"} to evaluate the degree of reinforcement[@b19][@b23][@b33][@b34].

The data from [Figure 3](#f3){ref-type="fig"} clearly indicate that reinforcement occurred at two distinct regions (below and above PEG-SWNTs loading of 0.02 V~f~, referred to as regions I and II, respectively). In region I, PEG-SWNTs ≤ 0.02, the *dY/dV~f~* was 417 GPa. This reinforcement rate is found to be significantly higher than for the highest reported for PVA/SWNTs fibers (i.e. 254 GPa for SWNTs ≤ 0.1 V~f~) and surfactant assisted PEDOT:PSS/SWNTs fibers (i.e. 80 GPa for SWNTs \> 0.02 V~f~)[@b11][@b19]. Other SWNTs/PVA based fibers also presented much lower *dY/dV~f~* of around 125 GPa due to lower efficiency of SWNTs at high loading (based on 2 volume fractions, 0 and 0.6)[@b35]. The highest *dY/dV~f~* of 449 GPa was reported for dry-jet wet-spun fibers of Poly(*p*-phenylene benzobisoxazole)/SWNTs liquid crystals (data obtained from only two volume fractions)[@b36], owing to the extremely high modulus of the host polymer (138 GPa) and self-orientation properties of liquid crystals. Next high value was obtained from the gel-spinning of organic solvent based PVA-SWNTs (*dY/dV~f~* = 406 GPa)[@b37]. Other CNT based wet-spun fibers calculated by Wang et al[@b36]. had *dY/dV~f~* values around 150 GPa. Comparing the data presented in the literature (some of them mentioned) with the reinforcement rate obtained for the current PEDOT:PSS/PEG-SWNTs fibers, it is clear that the PEG-functionalized SWNTs have a remarkable reinforcement effect even at low SWNT loading.

The *dY/dV~f~* decreased to 108 GPa at region II and is attributed to the observed PEG-SWNTs bundling at high PEG-SWNTs loading ([Figure 1](#f1){ref-type="fig"}). This result is in accordance with [equation 1](#m1){ref-type="disp-formula"} i.e. if PEG-SWNTs bundle size is doubled (aspect ratio is halved) and keeping all the other parameters the same, then modulus will decrease by 20%. Moreover, due to the presence of SWNT bundles, it can be expected that these modulus values could further decrease due to interfacial slippage.

In order to compare the stress transfer between the PEDOT:PSS matrix and PEG-SWNTs in the first and second region, Raman spectroscopy was carried out. It has been found that as the composite fiber is strained, the position of the G′ band of PEG-SWNTs (2647 cm^−1^) tend to shift linearly with deformation rate (strain)[@b38]. By monitoring the G′ band shifts in the composite fibers under an applied strain (0.5%), the effectiveness of the stress transfer between PEDOT:PSS and PEG-SWNTs was evaluated. The measured shift in the first region (8 cm^−1^ for PEG-SWNTs 0.02 V~f~) was four times higher than the second region (2 cm^−1^ for PEG-SWNTs 0.12 V~f~). This four factor difference was well correlated by the *dY/dV~f~* values in both regions (417 GPa/108 GPa ≈ 4); illustrating consistency in the mechanical measurements and Raman observations.

The reinforcement in strength also occurred at the two distinct PEG-SWNTs loading regions observed for modulus ([Figure 3B](#f3){ref-type="fig"}). In region I, the tensile strength peaked at \~201 MPa and the degree of reinforcement (*d*σ*/dV~f~*) was 4.0 GPa which was significantly higher than the highest reported for PVA/SWNTs fibers (2.8 GPa) and surfactant assisted PEDOT:PSS/SWNTs fibers (3.2 GPa for 0.02 V~f~)[@b11][@b19]. This substantial increase in tensile strength of the fibers reflects that the quality of dispersed PEG-SWNTs is maintained in the bulk fibers even after the composite formulation and wet-spinning processes. It also reflects the enhanced compatibility of PEDOT:PSS with the type of CNT used. The PEG functionalities affords great miscibility with PEDOT:PSS, which resulted in sustained efficient reinforcement even at high PEG-SWNTs loading. In region II, further addition of PEG-SWNTs increased the strength of fibers up to 254 MPa at *d*σ*/dV~f~* = 0.5 GPa. This enhancement is in contrast with our previous report on surfactant assisted SWNTs/PEDOT:PSS composite when increasing of SWNTs significantly reduced the mechanical properties of composite fibers[@b11].

Another measure of a good reinforced composite is toughness (the total energy required to break the fiber composite), which is dependent on both strength and breaking strain of the material. The change in toughness of the composite fibers followed the same trend as modulus and strength even when breaking strain decreased with PEG-SWNTs loading. The highest toughness was measured at PEG-SWNTs loading of 0.04 V~f~ (23.8 J g^−1^) and is \~70% higher than the pure PEDOT:PSS fiber (15.9 J g^−1^). Beyond this PEG-SWNTs loading, the toughness decreased with strain. SEM studies showed ([Figure 1](#f1){ref-type="fig"}) PEG-SWNTs bundles were slightly bigger and much closer together compare to those observed in fibers containing PEG-SWNTs V~f~ ≤ 0.02. At low volume fractions the higher effective reinforcing surface area of the individual/small PEG-SWNTs bundles led to better mechanical properties, compared to when larger PEG-SWNTs bundles are used. It has also been found that slightly larger PEG-SWNTs bundles at high PEG-SWNTs loadings formed stress-concentration points and defect sites along the fiber length which adversely affected breaking strains and toughness.

Shown in [Figure 4](#f4){ref-type="fig"} are the measured electrical conductivities of as-prepared and secondary doped[@b15] composite fibers. Similar to mechanical properties, the electrical conductivities were found to be dependent on PEG-SWNTs loading. At the highest loading (0.04 V~f~), composite fibers displayed a three-fold increase in conductivity at the rate of *dS/dV~f~* = 200 S cm^−1^. Note that the measured conductivity values represent the increase in conductivity contributed solely by the addition of PEG-SWNTs. Further conductivity enhancement was achieved *via* secondary doping of PEDOT:PSS through post-spinning treatment with ethylene glycol (EG). All secondary doped fibers displayed enhanced conductivities, albeit at varying degrees. The highest conductivity of \~400 S cm^−1^ was achieved at a PEG-SWNTs loading of 0.016 V~f~ (*dS/dV~f~* = 2788 S cm^−1^), which is comparable with SWNTs/PEDOT:PSS fibers processed using surfactant[@b11]. However, the mechanical properties are not sacrificed due to the elimination of the surfactant. This conductivity also was higher than the CNT based fibers reported by Barisci et al[@b39]. and Kozlov et al[@b40]., who achieved electrical conductivities up to 167 S cm^−1^ after annealing CNT fibers at high temperatures. The measured conductivity compared favorably with values for the pure CNT-twisted yarns reported by M. Zhang et al. (ca. 300 S cm^−1^)[@b41] and X. Zhang et al. (ca. 410 S cm^−1^)[@b42]. It is noteworthy that most of the highly conducting SWNT-based composite fibers can achieve high conductivity when filled with at least 50 wt% SWNTs. For example, the electrical conductivity of PEDOT:PSS/PEG-SWNTs fibers (\~400 S cm^−1^) was close to HA-CNT composite fibers (66 to 537 S cm^−1^ depending on the coagulation strategy), while the latter contained much higher SWNTs loading (\~2 wt% *vs*. \~67 wt%, respectively)[@b43]. The addition of much lower amounts of PEG-SWNTs, while obtaining the highest level of conductivity, make wet-spinning of PEDOT:PSS/PEG-SWNTs fibers an economical and viable choice.

Unexpectedly, further increase in the PEG-SWNTs loading up to 0.12 V~f~ resulted in a decrease in conductivity of the fiber to \~200 S cm^−1^. The conductivity enhancement in secondary doped PEDOT:PSS fibers was previously associated with the conformational transformations and molecular ordering of PEDOT:PSS chains as a consequence of phase segregation between PEDOT and PSS segments[@b15]. For the fibers presented here, it is reasoned that the higher modulus of composite fibers possibly limits these conformational changes, hence lower conductivity is observed in composite fibers with higher modulus. This effect is magnified at high PEG-SWNT loadings where the differences in modulus and strength between pure PEDOT:PSS and composites became much more significant ([Figure 3](#f3){ref-type="fig"}).

The positive effect of the secondary doping was not limited to electrical conductivity; it also resulted in an enhancement in the final mechanical properties of the fibers. [Figure 5](#f5){ref-type="fig"} shows stress-strain curves of the secondary doped composite fibers as a function of PEG-SWNTs loading. The highest loading, the tensile strength and modulus increased from 254 ± 9 MPa and 22.8 ± 1.2 GPa to 282 ± 6 MPa and 25.0 ± 1 GPa, respectively. After phase separation between PEDOT segments and PSS due to the screening effect of the secondary doping, enhanced connection between PEDOT chains improved both the electrical and mechanical properties of the composite fibers.

The electrochemical behavior of the secondary doped composite fibers was investigated using cyclic voltammetry. This study evaluates the additional benefits gained from using PEG-SWNTs as mechanical and electrical reinforcing agents. Both three-electrode and two-electrode (symmetric) cells were used; the latter test configuration is valuable in estimating the capacitance of the fibers when used as electrode(s) in an electrochemical supercapacitor device. For these experiments two PEG-SWNTs loadings of 0.02 and 0.12 V~f~ were compared. These PEG-SWNTs loadings were chosen due to the distinct transitions and differences in mechanical and electrical properties that were observed.

The more clearly defined redox peaks in the CV relates to the enhanced conductivity of PEDOT:PSS fiber after PEG-SWNTs addition. Also evident is the increased specific current response and the well-defined rectangular-shape of the cyclic voltammograms indicative of highly capacitive behaviour.

In a two-electrode configuration ([Figure 6B](#f6){ref-type="fig"}), the capacitive behavior of all fibers was represented by the near-rectangular shaped CVs at scan rates of 50 mV s^−1^. Significant differences in the specific capacitances that were dependent on the PEG-SWNTs loading were observed. In comparison with the specific capacitance (two-electrode cell) of pure PEDOT:PSS fiber (10 F g^−1^), the highest PEG-SWNTs loading resulted in an approximately two-fold (22 F g^−1^) increase in specific capacitance for composite fibers.

The near-rectangular shape of the CVs obtained from the two-electrode configuration suggests that the overall internal resistance is low, owing to the improved fiber conductivity *via* PEG-SWNTs addition. The observed dependence of specific capacitance on CNT loading was due to the increased electroactive surface area arising from the combination of micro- and nano-porosity of composite fibers, and their inherent high conductivity. The open mesoporous network of PEG-SWNTs allows for an easy access of ions to the electrode/electrolyte interface and a more effective contribution of the pseudo-faradaic properties of PEDOT. The introduction of PEG-SWNTs into PEDOT:PSS matrix improves the electrical conductivity and mechanical properties while providing an additional active material for capacitive energy storage. Comparison of the specific capacitance of our composite fibers with those reported for PEDOT:PSS/SWNTs[@b7][@b44][@b45] and pure CNT fibers[@b40] in the literature reveals a similar performance achieved by our composite fibers that only required much lower CNT loadings. This higher efficiency was as a result of the high surface area of composite fibers and easier access of the ions to the individual/small bundles of CNTs dispersed in the polymer matrix promoting good wettability of the fiber by the electrolyte.

The use of PEG-SWNTs additive provided further benefit by improving the durability of the fiber electrode during repeated cycling. Notably, extended cycling (up to 500 cycles for composite fibers) revealed higher capacitance retention from the composite fibers irrespective of PEG-SWNTs loading compared with pure PEDOT:PSS fibers ([Table 1](#t1){ref-type="table"}).The stability of the enhanced ionic and electronic transport of the composite fibers depicts a strong interaction between the aromatic CNTs and the π-conjugated PEDOT:PSS polymer chains.

Discussion
==========

Utilizing functionalized SWNTs in the wet-spinning approach eliminated the use of dispersing agents to stabilize the SWNTs in the spinning solution. This, in turn, resulted in achieving fibers with superior physical and mechanical properties eliminating the adverse effects of dispersing agents[@b11]. Excluding PVA from the coagulation bath[@b35] also avoided its adverse effect on the electrical properties which resulted in highly conducting fibers.

Maximizing the volume fraction of SWNTs was a challenge as a certain amount of PEDOT:PSS in the spinning formulation was required to make the dispersion spinnable. The role of PEDOT:PSS in the spinning solution is to increase viscosity of the solution and consequently provide spinnability. Direct blending of the highest achievable concentration of homogenous dispersions of PEDOT:PSS (25--30 mg ml^−1^) and PEG-SWNTs (3.2 mg ml^−1^) have limited the PEG-SWNTs V~f~ to 0.06 due to the excess amount of water which utilized to disperse PEDOT:PSS. This challenge has been addressed by the gradual addition of PEDOT:PSS pellets to the PEG-SWNTs stock dispersions, while the solution was being mixed by homogenizer, provided a homogenous dispersion without the need for excess water. In this method, it was possible to systematically control the loading of PEDOT:PSS in the spinning formulation as well as achieving higher volume fraction of nanotubes in the final fibers (V~f~ = 0.12, [Table S1](#s1){ref-type="supplementary-material"}). Therefore, precise control of SWNTs loading in the spinning solution and hence a systematic parametric study of the reinforcement effect of SWNTs were possible due to the fact that there were only PEG-SWNTs and polymer in the spinning solution and the resultant fibres.

The other advantage of using functionalized PEG-SWNTs over the surfactant stabilized SWNT was that the dispersion was not sensitive to the amount of water which was added to the solution whereas addition of water to the surfactant stabilized formulation causes segregation of PEDOT:PSS and SWNTs[@b11]. Moreover, It has not been possible to use homogenizer to make very uniform PEDOT:PSS/surfactant stabilized-SWNTs due to extensive formation of foam and consequently crashing out of the SWNTs from the dispersion. Heterogeneous mixture of previously described surfactant assisted SWNTs and PEDOT:PSS has been resulted in non-uniform stress distribution and the presence of stress-concentration regions which has been shown to lead to early fracture of fiber[@b11]. In our case, the PEG functionality affords great miscibility with PEDOT:PSS, which ensued a homogenous composite fibers of isolated tubes coated with a layer of polymer, and located in close proximity to another. Moreover, axial tensions during the wet-spinning process has provided some alignment of the tubes in the direction of the fiber axis (Raman study, [Figure S1](#s1){ref-type="supplementary-material"}), even at high PEG-SWNTs loading. Such a structure is prerequisite to efficient load transfer within the polymer-nanotube network.

We believe that the methods and results presented here will provide useful strategies in solving the fundamental challenges that hampered the progress in processing CP-based composite fibers. The present approach to fabricate fibers from PEDOT:PSS and functionalized SWNTs is sufficiently general to open the way to a broad range of CPs for possible applications in different fields. These fibers offer exciting opportunities for the development of intriguing macroscopic architectures for possible application in a wide range of areas such as energy storage, sensors and microelectrodes.

Methods
=======

Materials
---------

The materials used in this work were all sourced commercially and used as received. PEDOT:PSS pellets were from Agfa under the trade name Orgacon dry (Lot. \#A62 0000AC), and polyethylene glycol-functionalized SWNTs (PEG-SWNTs) were from Carbon Solutions (Lot. 07- 180).

Preparation of spinning solutions
---------------------------------

PEG-SWNTs stock dispersions (at 5 mg ml^−1^) were prepared directly by adding 50 mg of PEG-SWNTs to 10 ml Milli-Q water (no additional surfactant is used). These PEG-SWNTs stock dispersions were subjected to 30 min of high-power tip sonication (SONICS Vibra Cell 500 W, 30% amplitude) followed by a 1 hr low-power bath sonication (Branson B5500R-DTH) and then subjected to another 30 min of high-power tip sonication before being allowed to rest overnight. Centrifugation (eppendorf 5702) of the stock dispersions was carried out at 4400 rpm (3000 g) for 90 min and the supernatant carefully decanted and saved. The post-centrifuge PEG-SWNTs of 3.2 mg ml^−1^ was concentration determined from absorbance measurements at 660 nm[@b20]. All PEDOT:PSS/PEG-SWNTs composite wet-spinning formulations were then subsequently prepared by adding the required amount of PEDOT:PSS pellets to the above PEG-SWNTs stock dispersion to achieve formulations with PEDOT:PSS concentrations between 10 to 20 mg ml^−1^ and PEG-SWNTs volume fraction (V~f~) of up to 0.12 ([Table S1](#s1){ref-type="supplementary-material"}). The spinning formulations were further homogenized at 18,000 rpm for 10 min followed by 1 hr bath sonication prior to using in wet-spinning experiments.

Fiber spinning
--------------

The PEDOT:PSS/PEG-SWNTs composite fibers were fabricated at room temperature using a previously described wet-spinning technique that involves the use of non-solvent coagulation strategy with the spinning solution being injected from top to bottom of the coagulation bath[@b11][@b15]. Typically, about 5 ml of the spinning formulation in a syringe was extruded through a 20 gauge blunt needle (as a spinneret) into a coagulation bath (isopropanol) controlled by a syringe pump at flow rates between 0.8 to 2 mg hr^−1^. Fibers collected at the bottom of the coagulation bath were wound continuously onto a winding spool at a constant speed of 4 m min^−1^. In evaluating the effects of post-spinning treatment using ethylene glycol (EG), the as-spun fibers were wetted with (EG) by immersing them for 5 minutes and then oven drying at 150°C for 30 min while the fibers were under tension.

Characterization
----------------

The mechanical properties of the fibers were measured using a Shimadzu tensile tester (EZ-S) at a strain rate of 0.5% min^−1^. Samples were mounted on aperture cards (1 cm length window) with commercial superglue and allowed to air dry. Young\'s modulus (Y), tensile strength (σ), breaking strain (ε), and breaking energy (toughness) were calculated and the mean and standard deviation reported (*n* *= 10*). A linear four-point probe conductivity cell with uniform 2.3 mm probe spacing was employed to measure the conductivity of the fibers (under laboratory humidity and temperature conditions) using a galvanostat current source (Princeton Applied Research Model 363) and a digital multimeter (HP Agilent 34401A). Electrochemical behaviour of the PEDOT:PSS/PEG-SWNTs composite fibers in deoxygenated organic electrolyte (0.1 M tetrabutylammonium tetrafluoroborate in acetonitrile) was investigated via CV using a potentiostat/galvanostat (Princeton Applied Research Model 363). A three-electrode cell constitutes of a free standing composite fiber working electrode, an Ag/AgNO3 reference electrode and a platinum mesh auxiliary electrode (potential window from −0.8 V to 0.8 V). A symmetrical two electrode configuration constitutes of free standing composite fibers as cathode and anode (potential window from 0 V to 1 V).
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![SEM images of the cross-sections of PEDOT:PSS/PEG-SWNTs composite fibers broken under tensile strain at low and high magnifications showing shape and microstructure of PEDOT:PSS/PEG-SWNTs composite fiber at various PEG-SWNTs loadings.\
Volume fraction of PEG-SWNTs indicated at each pair images. Circle at B shows broken ends of PEG-SWNTs.](srep03438-f1){#f1}

![Representative stress-strain curves of PEDOT:PSS/PEG-SWNTs composite fibers at various nanotube loadings (represented by the numbers next to the curves, in volume fraction).](srep03438-f2){#f2}

![Comparison of the mechanical properties of PEDOT:PSS/PEG-SWNTs composite fibers as a function of PEG-SWNTs loading.\
Lines drawn in A are the theoretical reinforcement for perfectly aligned (dashed) and randomly oriented (solid) PEDOT:PSS/PEG-SWNTs fiber.](srep03438-f3){#f3}

![Comparison of the electrical properties of as-prepared and secondary doped composite fibers as a function of PEG-SWNTs loading.](srep03438-f4){#f4}

![Representative stress-strain curves of secondary doped PEDOT:PSS/PEG-SWNTs composite fibers at various nanotube loadings (represented by the numbers next to the curves, in volume fraction).](srep03438-f5){#f5}

![CV of PEDOT:PSS/PEG-SWNTs composite fibers as a function of V~f~ in 0.1 M TBABF~4~/acetonitrile taken at a scan rate of 50 mV s^−1^.\
(A) three-electrode cell system when potential measured vs Ag/AgNO~3~. (B) two-electrode (symmetric) cell.](srep03438-f6){#f6}

###### Summary of the electrochemical performance of PEDOT:PSS/PEG-SWNT composite fibres

                               Specific capacitance (F g^−1^)       
  -------------------- ------ -------------------------------- ---- ------
  PEDOT:PSS              0                   15                 10   86.7
  PEDOT:PSS/PEG-SWNT    0.02                 26                 14   91.3
  PEDOT:PSS/PEG-SWNT    0.12                 35                 22   91.5
